Mechanical allodynia (pain from light touch or contact) is the most common and disabling stimulus-evoked symptom of neuralgia.
The biological determinants of who will or will not develop mechanical allodynia and other pain symptoms after nerve injury remain unclear. Risk for post-herpetic neuralgia after shingles correlates highly with the severity of loss of unmyelinated cutaneous axons (Oaklander, 2001) , but a different relationship has been identified in post-traumatic neuralgias such as complex regional pain syndrome-I (CRPS-I/reflex sympathetic dystrophy) where neuralgic pain can persist in patients with only subtle axonal losses (van der Laan et al., 1998; Albrecht et al., 2006; Oaklander et al., 2006) . In a model of CRPS created by injuring the tibial nerve with different diameter needles, the presence and severity of evoked pain behaviors were also independent of the number of axons cut (Siegel et al., 2007) . These findings direct attention toward the central changes evoked by peripheral axotomies. We here examine the question of whether or not the disproportion between the size of nerve lesions and their ability to cause chronic pain arises in the spinal-cord dorsal horn; the first nociceptive synapse.
Many rodent studies have characterized the profound effects of peripheral axotomy on the dorsal horn. Incoming nociceptive axons synapse somatotopically in distinct zones (Devor and Claman, 1980) and are influenced by surrounding cells (Roberts et al., 1986; Garrison et al., 1991) . GABAergic and glycinergic interneurons tonically inhibit activation of 2nd order nociceptive neurons to focus incoming pain signals in space and time (Todd and Sullivan, 1990) . Reduction in dorsal-horn inhibition that facilitates firing of ascending pain neurons has been associated with evoked pain behaviors in animal models. For instance, rats with hyperalgesic responses after axotomy have reduced mRNA for GABA synthetic enzymes (Moore et al., 2002) and transporters (Miletic et al., 2003) in their dorsal horns, as well as fewer GABA-immunoreactive (IR) cells (Eaton et al., 1998) . Administering GABA antagonists worsens hyperalgesic responses (Yamamoto and Yaksh, 1993) .
Glial cells also help to initiate and maintain neuralgia (Garrison et al., 1991; Watkins et al., 1997) . Dorsal-horn microglia (Colburn et al., 1997) , followed by astrocytes (Hajos et al., 1990; Murray et al., 1990) , increase in number and size. Their cytokine secretions sensitize nociceptive primary afferents (Sommer and Schafers, 1998) and second-order projection neurons (DeLeo et al., 2000) .
Most of these dorsal-horn studies used large and/or proximal nerve injuries, but these are rare in patients. Small distal nerve injuries are far more common but their effects on the dorsal horn are inadequately studied. Moreover, all or most lesioned rats develop hyperalgesia in most rat models of neuralgia (Bennett and Xie, 1988; Kim and Chung, 1992; Decosterd and Woolf, 2000; Hama and Borsook, 2005) , leaving it unclear how many of the identified dorsal-horn changes are related to pain pathogenesis. For these reasons, we compared the effect of partialand total-nerve injury on three cellular components of the spinal-cord dorsal horn; central axons of primary afferents, inhibitory interneurons, and astroglia. We also compared these changes in nerve-injured rats with and without mechanical allodynia plus hyperalgesia.
Experimental Procedures Animal care and distal nerve injury (DNI) surgery
Male Sprague-Dawley rats (200-230 g, Charles River Laboratories, Wilmington, MA, USA) were housed in smooth-bottomed cages with free access to food and water. Rats were randomly assigned to undergo partial-DNI (n=32), total-DNI (n=28), or to serve as unoperated controls (n=8). Rats were rested for at least 48 h after arrival and then underwent 3 days of behavioral testing, the median of which defined the baseline value. All procedures were approved by the Institutional Animal Care and Use Committee and conformed to ethical guidelines (Zimmermann, 1983) . DNI rats were anesthetized with sodium pentobarbital (50 mg/kg i.p.; Abbott Laboratories, North Chicago, IL, USA) and their left tibial nerves were tightly ligated in two locations three mm apart with 8.0 silk suture (Surgical Specialties Corporation, Reading, PA, USA). Either the entire tibial nerve or a portion comprising approximately one-third of its diameter was ligated. The 1-2 mm segment of interposed tissue was removed with iris scissors (FST, Foster City, CA, USA). The sural and peroneal nerves remained untouched. The muscles were approximated with 4.0 silk suture (Ethicon Inc., Somerville, NJ, USA), and the skin was closed with 9 mm wound clips (Becton Dickinson, Sparks, MD, USA). No medications were administered.
Sensory testing for evoked-pain behaviors
Sensory testing was performed in random order in a quiet room by a single person who was unaware of treatment group. On each testing day (baseline and days 1, 3, 7, 14, 21 postoperatively), rats were weighed and habituated to the testing apparatus for 15-30 min. Data were acquired from four sites on the left (ipsilesional) and right (contralesional) hind paws. Two sites were studied on each hind paw. The tibial-innervated site was central and proximal to the tori, and the sural-innervated area was on the lateral glabrous skin (Bajrovic and Sketelj, 1998) . Thresholds for hind-paw withdrawal from static, punctuate, mechanical stimuli were measured using balance-calibrated Semmes-Weinstein monofilaments (Stoelting Co., Wood Dale, IL, USA). Rats were placed in plastic boxes on an elevated wire grid and their plantar hind paws were stimulated from below (Chaplan et al., 1994; Tal and Bennett, 1994) . The threshold for hind-paw withdrawal was defined as the lowest force that evoked hind-paw withdrawal in two out of five consecutive trials (Anseloni et al., 2002) for two consecutive monofilaments. Punctate mechanical hyperalgesia was measured by applying a single safetypin stimulus to rats' plantar hind paws from below. The duration of hind-paw withdrawal was timed with a digital chronometer. Normal withdrawals were very brief and scored as 0.5 s. Mechanical hyperalgesia was defined as withdrawals lasting 2.0 s or longer (cutoff 20 s).
Cold sensation was measured by applying acetone (∼100 μl) onto the central plantar skin of the hind paw using a syringe that did not touch the skin (Choi et al., 1994) . Duration of hindpaw withdrawal was timed by digital chronometer. Withdrawals lasting 2.0 s or longer defined cold allodynia (cutoff 20 s). In preliminary experiments heat sensation was evaluated by radiant heating through a transparent plastic floor, but abnormal hind-paw postures precluded full hindpaw contact so these measurements were discontinued.
Seventeen partial-DNI and 21 total-DNI rats were killed for pathological studies 7 days after DNI, the nadir of behavioral changes. Rats to be killed were selected randomly without knowledge of their sensory testing results. The remaining rats continued behavioral testing until day 21 to characterize the long-term behavioral effects of these lesions. Tissues from specific rats were then selected for pathological study on the basis of their behavioral testing results at day 7 postoperatively. To be categorized as free of pain behaviors, a rat had to have no postoperative decrease in threshold for hind-paw withdrawal from monofilaments and to have maintained normal hind-paw withdrawals from pin and cold. To be characterized as having post-DNI evoked pain behavior, a rat had to have more than a 75% reduction in the threshold for withdrawal from monofilaments, plus a hyperalgesic withdrawal from pin. Each sequentially thinner filament applies about 50% less force, so our criteria for mechanical allodynia correspond to a reduction of at least two monofilaments. Since fewer DNI rats developed prolonged withdrawal from cold (see Results) than developed mechanical allodynia or hyperalgesia, abnormal thermal response was not included in the criteria used to select hyperalgesic rats for morphometric analysis. Had it been included, fewer rats would have qualified for analysis and statistical power would have dropped.
Tissue acquisition and processing
After completing sensory testing, rats were anesthetized with sodium pentobarbital overdose and perfused transcardially with 100 units of heparin (Elkins-Sinn, Inc., Cherry Hill, NJ, USA), then 400 ml cold 0.9% saline followed by 400 ml cold fixative (4% paraformaldehyde in 0.1 M phosphate buffer with 0.13% picric acid, pH 7.4). Spinal cords were immediately removed and post-fixed overnight at 4 °C in fresh 4% paraformaldehyde, then rinsed, cryoprotected in 30% sucrose-phosphate buffer solution, and stored at 4 °C.
The lumbar enlargements of spinal cords (L 3-5 ) were cut into 30 μm sections using a freezing microtome (Microm, Waldorf, Germany). Sections were incubated with primary antibodies against neural and glial antigens using the manufacturers' recommended methods. Antibodies comprised rat anti-substance P (SP) (1:200; Santa Cruz Biotech, Santa Cruz, CA, USA), goat anti-calcitonin gene-related peptide (CGRP) (1:200), rabbit anti-caspase 3 (1:200), mouse anti-glial fibrillary acidic protein (GFAP) (1:200; Chemicon, Temecula, CA, USA), rabbit anti-GAD65/67 (1:200), and guinea-pig anti-GABA (1:200; Protos Biotech, New York, NY, USA). Biotinylated Isolectin B4 (1:50; Vector Laboratories, Burlingame, CA, USA) was used to label non-peptidergic unmyelinated primary afferents. Primary antibodies were diluted in 5% normal serum-0.4% TX-100/PB, incubated overnight, washed 3× for 10 min each in PB, and incubated for 2 h with secondary antibodies in 5% normal serum-0.4% TX-100/PB (Alexa Fluor 488 or 564; Molecular Probes, Eugene, OR, USA). Omission of primary antibody caused failure of labeling. Sections were mounted on gel-coated slides, coverslipped with anti-fade mounting media (Vectashield, Vector Laboratories, Burlingame, CA, USA) and visualized using a Zeiss Axioplan fluorescent microscope. Sections incubated with biotinylated-IB4 solution were processed using standard ABC histology methods and visualized with 3′ 3′-diamino benzidine (DAB, Vector Laboratories, Burlingame, CA, USA). These sections were mounted on gel-coated slides, dehydrated, cleared in xylene and coverslipped with Permount (Fisher Sci., Fair Lawn, NJ, USA).
Stereological quantification of labeled cells
Accurate measurement of cell numbers can be compromised by measuring cell density if the reference space shrinks due to cell death or atrophy. To avoid this, we made stereological estimates of total numbers of GABA-IR and GFAP-IR cells present in histologically defined regions of L 5 spinal cord cross-sections. Stereo-Investigator 6.0 software (MBF Bioscience, Williston, VT, USA) was used for all measurements. Four transverse L 5 spinal serial sections (180 μm interval between sections) were used for systematic random sampling of GABA-IR and GFAP-IR cells. Three reference zones were identified from each half of the L 5 dorsal horn (Fig. 1A) . These represented the termination zone for the tibial nerve (medial aspect of laminae I, II, III), the sural nerve (central aspect of laminae I, II, III), and the common peroneal nerve (lateral aspect of laminae I, II, III) (Devor and Claman, 1980; Swett and Woolf, 1985; Shields et al., 2003) . For GABA-IR cells, a 75×75 μm counting frame, a 75×75 μm sampling grid, and a dissector height of 20 μm was used. For counting GFAP-IR cells, a 95×95 μm counting frame and a 150×150 μm sampling grid was used for the tibial, sural, and common peroneal zones. For the neck of the dorsal horn, a 95×95 μm counting frame and a 250×250 μm sampling grid with a dissector height of 20 μm was used. Cells were counted at a final magnification of 600× (GABA), and 400× (GFAP).
Central axons of primary afferents cannot be individuated or counted at light microscopic resolution, so we compared relative luminosity (at 520 nm wavelength) of SP-IR fibers from the tibial, sural, peroneal, and the neck of dorsal horn (laminae III to VI) of ipsilesional and contralesional gray matter using fluorescent microscopy. Luminosity intensity was measured (StereoInvestigator 6.0 software) by drawing a boundary around the area of interest with the marquee tool. Luminosity was calculated as the average of three intensity measurements (pixel brightness/mm 2 ). To control for background luminosity, value from neck of dorsal horn was subtracted from luminosity values from tibial, sural, and peroneal sites. This method is standard for comparison of axon numbers in the spinal dorsal horn and in the skin (Gonzalez et al., 2005; Forrest and Keast, 2008) .
Data analysis
Means±standard deviations summarize data from groups. Analysis of variance (Super ANOVA, Abacus Concepts, Berkeley, CA, USA) was used to assess the effects of DNI. Fisherprotected post hoc testing evaluated between-group differences. Chi square tests were used to analyze between-group comparisons of dichotomous outcomes such as the presence or absence of abnormal hind-paw posture at a specific time point. P<0.05 defined statistical significance.
Results
DNI rats appeared to ambulate and explore as much control rats, and their feeding was judged unimpaired because weight gain in both groups of DNI rats was similar to that of unoperated rats (P≥0.49). Neither autotomy nor tremors were detected in any rats. Some DNI rats developed sustained (tonic) abnormal postures of their ipsilesional hind paws, specifically lateral hind-paw-margin elevation and paw eversion, or plantar-flexion of all digits with ambulation on the volar surface of the digit. These never developed in unoperated rats, or in hind paws contralateral to DNI (contralesional hind paws). One hundred percent of total-DNI rats had abnormal hind-paw postures on postoperative days 1, 7, 14, and 21. Among partial-DNI rats, the prevalence of abnormal hind-paw postures was 100% on postoperative day 1, 50% on day 7, and 27% on days 14 and 21 postoperatively.
Effects of DNI on evoked-pain behaviors
Unoperated rats never developed mechanical allodynia. Fig. 2 illustrates that roughly half of partial-DNI rats ( Fig. 2A) and a slightly smaller proportion of total-DNI rats (Fig. 2B ) developed mechanical allodynia. Hence, development of allodynia was not proportionate to lesion size. Allodynia did not consistently develop in the hind paw contralateral to DNI. We performed a secondary analysis, group means of hind-paw withdrawal from monofilaments ( Fig. 3A) to permit comparison of our data to similar data collected from other animal models of neuralgia. This confirmed findings that total-tibial axotomy has greater effects in the zone mostly innervated by the sural nerve (Bajrovic and Sketelj, 1998) than in the tibial-innervated zone. However, the relatively unchanged mean tibial-zone withdrawal thresholds mask a more complex outcome since withdrawal thresholds went up in some DNI rats (sensory loss), down in others (allodynia), and stayed unchanged in other rats. For instance, the mean tibial-site withdrawal threshold at day 7 postoperatively among "no pain" total-DNI rats increased to 272 ±93% (n=11), whereas among "painful" total-DNI rats it was reduced to 16±2% (n=6) of baseline values (P<0.01). In contrast, partial-DNI did not leave any rats with sensory loss, so mean thresholds were reduced in the tibial zone (P=0.0004) as well as in the sural-innervated extraterritorial zone (P=0.004). These same variable consequences of nerve injuries on sensory function are observed in nerve-injury patients.
Unoperated rats never had pin hyperalgesia, and this was less prevalent in DNI rats than mechanical allodynia. Prolonged withdrawal from pin was present at day 7 postoperatively in 25% of partial-DNI rats and in 4% of total-DNI rats (P=0.09). With such low prevalence, group means of duration of withdrawal from pin in both groups of DNI rats (Fig. 3B) were not significantly different from baseline values (P≥0.11).
Unoperated rats never had prolonged hind-paw withdrawal from acetone. Prolonged withdrawal from acetone was present at day 7 postoperatively in 19% of partial-DNI rats and 29% of total-DNI rats; values that were similar (P=0.87). Mean duration of withdrawal in the six partial-DNI rats with prolonged withdrawal was 14.2±2.7 s and in the eight total-DNI rats with prolonged withdrawal it was 8.9±2.9 s (P≥0.69).
Effects on central axons of primary afferent fibers
In the ipsilesional spinal cord, DNI caused somatotopically restricted reductions in mean pixel intensity for all markers studied (Fig. 4A) . After total-DNI, there were very few remaining SP-, CGRP-, and IB-4-positive fibers visible in the tibial zone of the lumbar dorsal horn, whereas after partial-DNI there was partial loss of labeling. Pixel intensity in SP-IR images was significantly reduced from values in unoperated rats (to 69% after partial-DNI, and to 40% after total-DNI vs. control) in the ipsilesional tibial zone of the dorsal horn ( Fig. 4B; P=0.022 ). There were no significant changes in the sural (middle) or peroneal (outer) nerve-termination zones. Analyses of reference spaces from contralateral dorsal horn showed elevated pixel intensities of SP-IR fibers in the sural and peroneal zones as compared with values from unoperated rats.
Effects of DNI on inhibitory interneurons in spinal dorsal horn
Unoperated control rats had 451.8±70.7 (tibial zone), 441±98.1 (sural zone), and 311.4±34.7 (peroneal zone) GABA-IR cells within these ipsilateral dorsal horn reference spaces. At day 7 after DNI, experimental rats had fewer GABA-IR cells than unoperated rats in the ipsilateral tibial (P<0.01) and peroneal zones, (P<0.03; Fig. 5B ). After partial-DNI, numbers of labeled cell profiles were significantly reduced from control values in the tibial (by 51%) and peroneal (by 64%) zones (Fig. 5A) . Contralesionally, reductions of at least 35% were observed in all zones. When DNI rats were stratified according to whether or not they had evoked mechanical pain behaviors (algesic responses to both monofilament and pin, Fig. 5C ), there were no significant differences between the two groups of DNI rats (P=0.18). Additional spinal sections were double-labeled for GABA and caspase-3 to look for evidence of apoptosis of inhibitory interneurons. At 7D post-lesion, DNI rats had many caspase 3-IR cells present throughout the spinal gray matter, but GABA-and caspase 3-IR did not co-localize (data not shown).
Effects of DNI on numbers of GFAP-IR astrocytes
On average, unoperated control rats had 1817.5±258.7 (tibial zone), 1667.8±178.7 (sural zone), and 1039.6±113.2 (peroneal zone) GFAP-IR astrocytes in their ipsilesional dorsal horns. At day 7 after total-DNI, experimental rats had more GFAP-IR astrocytes in their ipsilesional tibial and sural zones than unoperated control rats ( Fig. 6B; P<0.02 ). After partial-DNI, labeled cell profiles were significantly increased from control values in the ipsilesional tibial (164%) and sural (180%) zones (Fig. 6B) . When DNI rats were stratified according to whether or not they had evoked-pain behaviors (Fig. 6C ), increases were similar in both groups (P<0.009).
We performed a secondary analysis on the astrocytes identified as activated or hypertrophic (defined by diameter greater than 2.0 μm). Activated astrocytes were never present in samples from unoperated rats. About 50% of GFAP-IR cells from the dorsal horn (tibial+sural +peroneal) of DNI rats were hypertrophic. Numbers of activated astrocytes were not significantly different in partial-DNI versus total-DNI rats, or in DNI rats with or without pain behaviors.
Discussion
We generated a nerve injury that models the epidemiological characteristic of neuralgia, namely, that it does not always follow nerve injury. Most extant rodent models of neuralgia produce pain-behaviors in all or most lesioned animals. While efficient for preclinical testing, this precludes exploration of which post-lesioning changes are specifically associated with pain development. Seven days after our tibial-nerve lesions, 63% of rats had mechanical allodynia; 29% had prolonged withdrawal from pin, and 19% had prolonged withdrawal from cold. Comparing partial and total lesions revealed that evoked pain-behaviors were more prevalent (Fig. 2 ) and more severe (Fig. 3) after partial than after total axotomy. This models the situation in patients, where neuralgia is far more common after partial than total nerve transections.
Symptom prevalence data, which are unusual in animal-model pain research, demonstrated three outcomes from lesioning-reduced thresholds (allodynia), unchanged thresholds, or increased thresholds (hypoesthesia). These multiple possible outcomes would have been obscured had we merely reported group means of thresholds as is customary. The smaller, partial-DNI lesion was disproportionately likely to induce pain-behaviors when compared with the larger lesion, confirming earlier studies on the efficiency of small DNI in causing neuralgia (Lee et al., 2000; Hama and Borsook, 2005) . This parallels medical experience, where lesions as small as a single needle-stick or injury to a small terminal nerve branch can cause neuralgia or CRPS (Horowitz, 1994) .
We analyzed spinal-cord sections from these behaviorally characterized rats to investigate effects of lesion size on cellular changes identified in other rat models of neuralgia such as chronic constriction injury (Colburn et al., 1997; Ibuki et al., 1997; Somers and Clemente, 2002) and spared nerve injury (Decosterd and Woolf, 2000) . Comparison of numbers or density of 1) incoming central axons of peptidergic and non-peptidergic afferents, 2) inhibitory GABAergic interneurons, 3) all GFAP-IR astrocytes, and 4) activated GFAP-IR astrocytes did not reveal specific associations with the presence of pain-behaviors. This suggests that not all dorsal-horn abnormalities caused by experimental nerve injury are tightly linked to stimulusevoked pain behaviors.
Finding somatotopically appropriate and proportional pattern of loss of markers of primary afferent axons confirmed that our immunolabeling accurately represented the central axons of the specific neurons that had been cut, and that our nerve-termination zones were correctly mapped. Although such labeling cannot distinguish between transient changes in gene expression and frank degeneration, ultrastructural examination confirms that sciatic axotomy causes degeneration of central axon terminals (Kapadia and LaMotte, 1987) , and that subsequent return of afferent markers represents axonal sprouting (Villar et al., 1989) , so we interpret our data as more likely reflecting axonal degeneration rather than mere depletion of markers.
Concordance between dorsal-horn changes and severity and location of distal axotomy vanished when we examined cells other than the axotomized primary afferents. Reductions in GABAergic interneurons and increases in GFAP-IR astrocytes spread to involve the sural and peroneal zones. Changes in numbers of GABA-IR and GFAP-IR profiles were similar after partial and total-DNI. These transcellular changes illustrate spread of axotomy-induced changes beyond the somatotopic area of the injured axons. They appeared to involve the contralateral dorsal horn (Figs. 4-6 ) and even the ventral horn (data not shown). Similar bilateral reductions of GABAergic cells have been reported after unilateral CCI (Ibuki et al., 1997; Eaton et al., 1998) . It is possible that these are a cellular substrate for extra-territorial spread of pain behavior after nerve injury.
Pharmacological and electrophysiological evidence identifies loss of dorsal-horn GABA, the chief spinal inhibitory neurotransmitter, as an important correlate of neuropathic pain (Ibuki et al., 1997; Jones and Sorkin, 1998; Moore et al., 2002) . It was thus unexpected that DNI rats without pain behaviors also had fewer GABA-IR cells (Fig. 5C) . Although it is possible that DNI rats without pain behaviors had spontaneous pain, there was no evidence of this. Some investigators interpret vocalizations, autotomy, or specific movements as indices of spontaneous pain, but the validity of these interpretations is impossible to confirm (Vierck et al., 2008) and has been disputed (Dey et al., 2005) . Exploration, feeding, weight gain, and behavior were indistinguishable in DNI rats without evoked-pain behaviors and unoperated rats, and DNI rats did not develop excess vocalizations, paw licking, or autotomy, so nothing suggested the presence of spontaneous pain. Moreover, other studies also note discordance between the presence of hind-paw allodynia (after CCI) and numbers of spinal dorsal horn GABAergic cells (Polgár et al., 2003) . Because there was a trend toward fewer GABA-IR cells in the ipsilateral tibial zone of DNI rats with pain-behaviors as compared with those without them (Fig. 5C) we conducted a post hoc analysis to clarify these results. Power analysis (α=0.05; power=80%) suggested that analyzing tissues from 13 DNI rats with pain behaviors and 13 without pain behaviors would identify statistically significantly greater loss of GABA-IR profiles in DNI rats with pain-behaviors. The stringency of the behavioral criteria used to define rats as with or without pain-behaviors also influences the outcome of statistical analysis. When we used less-stringent criteria to differentiate between the two groups; algesic responses to monofilaments only, no differences were apparent (P=0.89). In aggregate, these results suggest that any association between numbers of GABA-IR cells at day 7 postoperatively and the presence of mechanical allodynia is modest at best. Since allodynia is already wellestablished by then, an earlier time point might have yielded a more robust association.
In contrast, we found complete dissociation between the severity and location of DNI and numbers of GFAP-IR astrocytes' response in the dorsal horn (Fig. 6 ). Astrocyte hypertrophy, present by 3-4 days after nerve injury, is also implicated in the pathogenesis of neuralgia (Garrison et al., 1991) , perhaps by sensitizing primary afferents and 2nd order spinal neurons via secretion of proinflammatory cytokines (DeLeo et al., 2000; Zelenka et al., 2005) . Our findings contrast with several earlier studies that found no increase in numbers of dorsal-horn astrocytes after sciatic-nerve axotomy (Murray et al., 1990; Liu et al., 2000) . We found bilateral increases in astrocyte numbers after one-sided axotomies, and so believe that some of these earlier results may have been compromised by using the contralesional dorsal horn as a control site (Garrison et al., 1991) . Several groups have now implicated activated dorsal-horn glia in creating and maintaining neuropathic pain after nerve injuries, particularly by release of proinflammatory products such as cytokines that increase neuronal excitability. Various data show that inhibiting glial effects can attenuate mechanical allodynia after nerve injuries (Ledeboer et al., 2006) . Although increases in cell numbers are one common marker of cellular activation, our data suggest that increased numbers of dorsal-horn astrocytes 7 days after nerve injury do not correlate with the presence of mechanical allodynia (Fig. 6C) . Perhaps an earlier time point might have captured such an association, or perhaps the contribution of astrocytes is better measured by expression profiling.
Conclusion
In summary, this study demonstrates that partial axotomies of one distal nerve can be as effective as or more effective than total axotomies at producing long-lasting intraterritorial and extraterritorial hind-paw mechanical and thermal pain behaviors. A smaller, partial lesion was as effective as total axotomy at causing trans-synaptic and widespread effects on GABAergic interneurons and astrocytes in the dorsal-horn. This cellular "magnification" appears to develop within the dorsal horn rather than in the nerve because changes in central axons of primary axons remained proportional to the severity and location of the DNI. Changes in numbers of GABAergic interneurons and astrocytes were not restricted to rats with neuropathic pain behaviors, although there was a trend toward greater loss of GABA-IR cells in lesioned rats with pain behaviors. Studying rats that do not develop chronic pain behaviors after nerve injury in parallel with rats that do, may help clarify which responses to nerve injury are specifically pain-associated, and thus are attractive targets for development of new treatments for neuropathic pain. A screen-capture image from the Stereo Investigator software showing the demarcation of the six spinal gray-matter zones used for stereological morphometric analysis (A). The superficial dorsal horn was divided into three zones representing termination of specific peripheral nerves (B; red: tibial zone, orange: sural zone, green: peroneal zone). A notch, placed at the time of spinal-cord removal, identifies the right (contralesional) side. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article. The prevalence of mechanical allodynia in rat plantar hind paws after partial (one-third) (A) or total (B) tibial-nerve axotomy. Mechanical allodynia was defined by a >75% reduction in hind-paw withdrawal threshold from preoperative values. (A) Group means of withdrawal threshold from Semmes-Weinstein monofilaments, (B) group means of hind-paw withdrawal from pin (B) after partial-DNI and total-DNI. This analysis combines data from rats with hypoesthesia and hyperalgesia after DNI. Changes in markers of incoming primary afferent fibers at the L 5 level of the spinal cord 7 days after DNI. (A) Labeling for SP, CGRP, and IB-4-positive fibers from representative individual rats. The top row illustrates dense fiber staining in Rexed's laminae I and II of unoperated rats. The middle row shows partial loss in the expected somatotopic termination zone in partial-DNI rats. The bottom row shows severe reduction in total-DNI rats. Images were obtained at 10×. (B). SP-IR pixels are reduced in the ipsilateral tibial zone of the dorsal horn of total-DNI rats as compared with unoperated controls. Effects of DNI on numbers of astrocytes in the dorsal spinal cord of unoperated, partial-DNI, and total-DNI rats 7 days after tibial DNI (10× magnification). (A) DNI rats had increased number of GFAP-IR cells in the spinal gray matter compared with unoperated control rats. (B) Numbers of GFAP-IR cells after partial-DNI or total-DNI, and (C) comparison of numbers of GFAP-IR cells in rats with pain behaviors versus those without. One-way ANOVA, * vs. unoperated, P<0.05.
